The complex flow field in a gas turbine combustor makes cooling the liner walls a challenge. In particular, this paper is primarily focused on the region surrounding the dilution holes, which is especially challenging to cool due to the interaction between the effusion cooling jets and high-momentum dilution jets. This study presents overall effectiveness measurements for three different cooling hole patterns of a double-walled combustor liner. Only effusion hole patterns near the dilution holes were varied, which included: no effusion cooling; effusion holes pointed radially outward from the dilution hole; and effusion holes pointed radially inward toward the dilution hole. The doublewalled liner contained both impingement and effusion plates as well as a row of dilution jets. Infrared thermography was used to measure the surface temperature of the combustor liners at multiple dilution jet momentum flux ratios and approaching freestream turbulence intensities of 0.5% and 13%. Results showed that the outward and inward geometries were able to more effectively cool the region surrounding the dilution hole compared to the closed case. A significant amount of the cooling enhancement in the outward and inward cases came from in-hole convection. Downstream of the dilution hole, the interactions between the inward effusion holes and the dilution jet led to lower levels of effectiveness compared to the other two geometries. High freestream turbulence caused a small decrease in overall effectiveness over the entire liner and was most impactful in the first three rows of effusion holes.
Introduction
Firing temperatures in modern gas turbine combustors are much higher than the melting temperatures of the metal combustor liners. Effectively cooling the walls of the combustion chamber in a gas turbine is essential for durability. Modern gas turbine engines often employ a double-walled combustor liner with impingement and effusion cooling plates. Impingement cooling enhances the backside internal cooling, while effusion cooling creates a protective film of coolant along the external liner walls. Additionally, modern combustors use large dilution jets, which are necessary for mixing the fuel and air. The mixing produced by the dilution jets allow for lean burning of the remaining fuel, which reduces NO x emissions.
Cooling the liner walls is a difficult challenge, particularly near the dilution holes where the effusion flow and the dilution jets interact. Although there have been many past studies on the thermal performance of combustor liners, the region near the dilution holes is not well understood. To better understand the thermal performance near the dilution holes, the current study examines a double-walled combustor liner with three different effusion cooling patterns near the dilution holes. The effusion hole patterns, which were varied in the region surrounding the dilution hole included: no effusion cooling (closed); a ring of effusion holes pointed radially outward from the dilution hole (outward); and a ring of effusion holes pointed radially inward from the dilution hole (inward).
Overall effectiveness results will be presented for each of the effusion hole patterns. The primary objective of this paper is to evaluate the cooling in the region near the dilution hole; however, data are also presented for the entire combustor liner. Each geometry will also be evaluated over a range of dilution jet momentum flux ratios and approaching freestream turbulence intensities. This study provides a unique understanding of how the effusion cooling pattern near the dilution jets affects the surface temperature of a realistic combustor liner.
Relevant Past Studies
Multiple past studies have been published on effusion cooling, also known as full-coverage film-cooling, with and without dilution holes. This section reviews the general effects of effusion cooling and how a dilution jet impacts the coolant film. Although the current study evaluates a double-walled combustor liner, all relevant past studies only contained single-walled combustor liners that focused on the external cooling. Additionally, all effusion liner studies discussed were for angle effusion holes only.
Scrittore et al. [1] measured the flowfield and adiabatic effectiveness of a single-walled effusion liner without dilution holes. Their results indicated that the velocity profile became fully developed after 15 rows of effusion holes and scaled with blowing ratio. They also found that increasing the effusion momentum flux ratio from I eff,in ¼ 11 to 26 did not affect the penetration height of the cooling jets after the flow became fully developed. In addition, they found that the momentum flux ratio for the effusion jets did not have any impact on the effectiveness for the first three rows of holes. In a different study with only effusion cooling, Facchini et al. [2] found that increasing the effusion blowing ratio generally led to decreased adiabatic effectiveness due to jet separation; however, overall effectiveness increased at high blowing ratios due to in-hole convection. Martin and Thorpe [3] studied the effects of freestream turbulence intensity on effusion cooling without dilution jets and found that at low blowing ratios of the effusion jets (M eff,in < 0.5), high freestream turbulence resulted in decreased adiabatic effectiveness; whereas at relatively high blowing ratios, up to M eff,in ¼ 1.4, high freestream turbulence caused an increase in adiabatic effectiveness. This phenomenon was attributed to the turbulent mixing that brought separated coolant back toward the surface. Kakade et al. [4] also found similar effects of high freestream turbulence to Martin and Thorpe for blowing ratios of the effusion jets up to M eff,in ¼ 1.5. However, Kakade et al. found that high freestream turbulence had an adverse effect on adiabatic effectiveness at the highest evaluated blowing ratio (M eff,in ¼ 2). This adverse effect of high freestream turbulence was believed to be caused by turbulent mixing of hot mainstream flow toward the surface.
Multiple studies have evaluated the effects of the interaction between a slot film and dilution jet. Odgers and Son [5] found that when the momentum flux ratio of the dilution jet was below unity, there was a benefit in the cooling effectiveness behind the dilution hole due to the slot film. However, for the more engine-realistic case, where the momentum flux ratio of the dilution jet is much above unity, there was a decrease in slot film effectiveness behind the jet. Similar to Odgers and Son, Button [6] found that the effectiveness of the film interrupted by a jet was always lower than the film alone. Martiny et al. [7] found that there was a suction effect behind the dilution jet due to the formation of counter-rotating vortices, which caused the film to lift off the surface and resulted in a decrease in effectiveness. The decrease in effectiveness, downstream of the dilution hole, was least detrimental when high film blowing ratios were paired with low dilution jet momentum flux ratios.
Ceccherini et al. [8] experimentally evaluated the overall effectiveness of a single-walled effusion liner with a single dilution hole. These researchers found that the effectiveness steadily increased due to the effusion cooling as the film developed along the liner; however, downstream of the dilution jet, the effectiveness levels were relatively constant for the remainder of the test plate. They also found that there was a decrease in adiabatic effectiveness at higher effusion velocity ratios.
Multiple other relevant studies [9, 10] have been performed for the same liner geometry used by Ceccherini et al. Facchini et al. [9] found that increasing the effusion blowing ratio resulted in an increase in the heat transfer coefficient. They also found that downstream of the dilution hole, there was no significant effect of the dilution jet on the heat transfer coefficient. Andreini et al. [10] studied the effects of density ratio and found that the heat transfer coefficient scaled with velocity ratio; however, adiabatic effectiveness scaled with blowing ratio.
For a single-walled combustor simulator that included both effusion cooling and dilution jets, Vakil and Thole [11] experimentally found that the dilution jets dominated the flow and thermal field after injection. In addition to generating high turbulence levels, the dilution jets entrained coolant from the surface, causing the thermal boundary layer to become thin just behind the jets. However, farther downstream of the dilution jets, the increased turbulence levels led to a thick thermal boundary layer.
In a study with similar geometry to Vakil and Thole [11] , Scrittore et al. [12] also reported film coolant lifting off the wall due to dilution jet entrainment. Scrittore et al. also found that as the momentum flux ratio for the dilution jets was increased from I D ¼ 60 to 125 for the same effusion cooling flows, the effectiveness behind the dilution hole decreased. In addition, farther downstream from the dilution jet, the increased turbulence levels led to increased lateral spreading of the effusion jets in both cases.
In another study by Scrittore [13] , a single-walled combustor liner with dilution holes was evaluated with and without effusion cooling. Without effusion cooling, a strong vortex formed along the lateral edges of the dilution jets. However, when effusion cooling was present, the intensity of the vortex diminished and shifted higher off the wall. Scrittore also found that there was increased film attachment in the regions between the dilution jets due to the flow accelerating around the dilution jets, which decreased the local momentum flux ratio of the effusion jets.
The study presented in this paper is unique for several reasons. First, this study focuses on the effusion cooling and dilution jet interactions near the dilution hole. Second, the current study presents multiple effusion hole geometries near the dilution hole that provide insight into how to improve cooling near the dilution hole. Additionally, this study evaluates a double-walled combustor liner, which included the effects of internal cooling for a realistic combustor liner geometry.
Experimental Methods
Overall effectiveness measurements of the combustor liner were made in a low speed, closed-loop wind tunnel. The combustor simulator used in this study is a modified version of what has been previously described by Vakil and Thole [11] and Scrittore et al. [12] . The flow is driven by an axial fan and is cooled through a heat exchanger before being split into a mainstream and secondary path. The mainstream path is heated and passed through flow conditioning screens before entering the test section shown in Fig. 1 . The test section includes symmetric quarter rounds that reduce the area at a contraction ratio of 1.8:1, resulting in a final height of 0.55 m and width of 1.11 m. The quarter rounds were located at x/D ¼ À36.5, where D is the diameter of the dilution hole and the origin is located at the center of the dilution hole.
As shown in Fig. 1 , a turbulence grid, modeled after the grid used by Schroeder and Thole [14] , was used to generate high freestream turbulence intensity of Tu ¼ 13% at x/D ¼ À2. Note that x/D ¼ À2 is the streamwise location where the first row of effusion holes on the combustor liner panel is located. The large vertical bars in the grid had a diameter of b ¼ 42 mm. The bars were spaced 2b center-to-center and were located 10 bar diameters (10b) upstream of the first row of effusion holes at x/D ¼ À16.2. The low approaching freestream turbulence intensity, without the grid, was Tu ¼ 0.5%. The mainstream velocity was measured using a pitot-static probe located 0.2 m in front of the turbulence grid in the midheight and midspan center of the tunnel. The mainstream velocity was kept at 3.4 m/s for all cases. The nominal mainstream flow temperature was measured at 40 C using a thermocouple rake. The thermocouple rake, which was also located 0.2 m in front of the turbulence grid, consisted of three pairs of thermocouples that spanned across the center region of the wind tunnel. The maximum reported difference between the six mainstream thermocouples was 1.7 C, with more typical differences being 1.4 C. The overall mainstream temperature was measured as an average of those six thermocouples.
The effusion and dilution jet flow was supplied by the coolant loop shown in Fig. 1 . The flow through the secondary path was cooled downstream of the mainstream heater. The coolant flowrate was provided by a blower installed on the top portion of the test section. The flowrate of the coolant was measured with a venturi flow meter before entering the coolant supply plenum for the double-walled combustor liner. Inside the supply plenum there was a baffle plate to even out the flow and three pairs of thermocouples to measure the coolant temperature. Each pair of thermocouples was evenly spaced throughout the plenum. Coolant temperature was determined as an average of those six thermocouples. The nominal coolant temperature was 16 C with a maximum variation of 0.3 C between the six thermocouples. Given the 23 C temperature difference between the mainstream and coolant, all test conditions were evaluated at a density ratio of 1.08.
The test panel of interest was a double-walled combustor liner that contained both impingement and effusion plates. Figure 2 shows 33% of the full span of the test panels highlighting the region where surface measurements were taken. To span the entire wind tunnel and ensure periodicity, the geometry shown in Fig. 2 , was repeated so that there were 15 dilution holes across. This arrangement of the effusion and dilution holes was based on the geometry presented by Scrittore [13] . The panel design consisted of a cold side with impingement holes that fed the effusion holes on the hot side as well as dilution holes that were fed directly from the coolant supply plenum. The diameter of each dilution hole was D ¼ 29.6 mm with pitchwise spacing of 2.1D. The radially surrounding effusion holes were located 0.69D from the center of each dilution hole. Figure 3 shows the orientation and geometric parameters of the effusion and impingement holes. The spacing of the impingement holes was identical to that of the effusion holes, but was staggered from the effusion holes a distance of 1.8d, where d is the diameter of the effusion and impingement holes. Note that there were no impingement holes near the dilution hole. This design was meant to isolate the effects of the different effusion cooling patterns surrounding the dilution hole.
As was discussed in the introduction, the focus of this study was to determine the effects of different cooling hole patterns near the dilution hole. As shown in Fig. 4(a) , the baseline, closed pattern has no surrounding effusion holes. The other two patterns, shown in Figs. 4(b) and 4(c) include additional effusion holes that are directed radially outward and radially inward to the dilution hole, respectively. The panels in this study were additively manufactured using powder bed fusion of a glass filled nylon, with a thermal conductivity of k ¼ 0.47 W/m K. The closed geometry was created by filling the radially surrounding effusion holes with water soluble wax.
All three liner geometries were evaluated at three momentum flux ratios based on the flow through the dilution hole, I D ¼ 30, 20, and 11. In order to determine the momentum flux ratio with respect to the dilution jets, the mass flow through the dilution holes was experimentally determined by evaluating flow parameters as a function of pressure ratio for the panels, with and without the dilution holes plugged. Static pressure taps were installed inside the coolant supply plenum and on the external surface of the panels to measure the pressure across the panel. The panels were tested over a range of pressure ratios with and without the dilution holes plugged. At a given pressure ratio, the difference between the flow parameter on each curve represented the amount of flow through just the dilution holes. This experimental study determined that 73% of the coolant supply flow went through the dilution holes while the other 27% went through the effusion holes for the I D ¼ 30 case. In addition, 74% and 75% of the coolant supply flow went through the dilution holes for the I D ¼ 20 and 11 cases, respectively. The inlet momentum flux ratio based on the effusion jets, I eff,in , and blowing ratios based on both the dilution jets and effusion cooling jets, M D and M eff,in , were also determined for each case. A summary of the test condition is listed in Table 1 . Note that the values given were based on the inlet velocity at the start of the test panel. Additionally, the inlet Reynolds number, Re in , is defined by the characteristic length, l, which spans from the quarter rounds at x/D ¼ À32.3 to the inlet at x/D ¼ À2.
Due to the addition of mass at each row of effusion holes, there was an increase in the local mainstream velocity at each row of effusion holes, thus decreasing the local momentum flux ratio. Figure 5 shows the local effusion momentum flux ratio, I eff , at each row of effusion holes normalized by the inlet effusion momentum flux ratio, I eff,in . Inlet velocity and the added mass at each row were used to calculate the mass-averaged freestream velocity at each row. Due to the large amount of coolant added, the case for I eff,in ¼ 24 had the greatest local momentum flux ratio reduction of 11.7%. The cases for I eff,in ¼ 15 and 7 had lower momentum flux ratio reductions of 9.7% and 7.2%, respectively. Overall, the addition of coolant did not have a significant impact on the local momentum flux ratio because of the minimal change in the pressure ratio across the test panels.
Overall Effectiveness Measurements. To obtain relevant data for a gas turbine engine, overall effectiveness measurements require matching the Biot number, Bi, and the heat transfer coefficient ratio, h 1 /h i . As described by Williams et al. [15] and Mensch and Thole [16] , if the engine conditions are matched to the experimental conditions, the overall effectiveness presented in the following equation provides engine relevant data:
The external heat transfer coefficient, h 1 , was calculated using a turbulent correlation for average Nusselt number over the entire panel [17] . The internal heat transfer coefficient, h i , was estimated at each momentum flux ratio of the dilution jet using an average Nusselt number correlation for an impingement array with staggered impingement jets exiting through vent holes from Hollworth and Dagan [18] . The relevant parameters for this study are summarized in Table 2 along with relevant engine values. Because no public literature lists this information for a double-walled combustor liner, Bi and h 1 /h i are engine conditions approximated from the turbine blade endwall conditions given by Mensch and Thole [16] . The approximations were made by assuming the mainstream velocity in the combustor was an order of magnitude less than the velocity in the turbine.
To determine overall effectiveness, surface temperature measurements were taken using an infrared camera that was calibrated in situ. As shown in Fig. 1 , an infrared camera was placed directly above the combustor panel in the upper bypass section of the wind tunnel. The camera was located at a height of 0.6 m above the panel. Given the placement of the camera, the resulting image resolution was 2.5 pixels/mm, which equates to 2 pixels/d. For each data set, ten images taken every 10 s were averaged together. The images were calibrated in situ with three ribbon thermocouples that were glued to the panel with a thermally conductive paste. Due to the high emissivity, e ¼ 0.95, of the glass-filled nylon, which was determined experimentally through the calibration, the panels were not painted. To ensure the calibration covered the entire range of the surface temperatures, the thermocouples were placed in the hottest and coolest parts of the panel, and one intermediate area. After calibration, the differences in the calibrated temperature and the measured temperatures were at most 6 0.7 C, but were nominally 6 0.4 C. Overall effectiveness was then calculated with Eq. (1) using the mainstream 
Uncertainty
Analysis. An uncertainty analysis was performed for the variables describing the test conditions and the overall effectiveness measurements. Bias uncertainties were determined using the partial differentiation method presented by Moffat [20] . The bias uncertainty for I D was at most 6 12.4% for I
The bias uncertainty of the effectiveness measurements was driven primarily by the uncertainty of the coolant temperature and partially by the uncertainty of the surface temperature. From the calibration, the uncertainty of the surface temperature was determined by the uncertainty of the ribbon thermocouples on the surface which was 60.5
C. The uncertainty of the overall effectiveness was highest at 6 8% for / ¼ 0.41 and lowest at 6 5% for / ¼ 0.97. Precision uncertainty was determined by repeating the same case four times, each on different days. For a 95% confidence interval as presented by Figliola and Beasley [21] , the precision uncertainty was 6 2.8% for centerline effectiveness, 6 2.5% for radially averaged effectiveness, 6 1.8% for laterally averaged effectiveness, 6 2.3% for spatially averaged effectiveness in front of the dilution hole, and 6 2.1% for spatially averaged effectiveness behind the dilution hole.
Results
Overall effectiveness measurements were made over the entire streamwise length of each combustor panel within the span of three dilution jets. The effectiveness data will be first presented for each of the geometries at Tu ¼ 13% and I D ¼ 30 with specific attention on the area near the dilution hole. Next, the impact of momentum flux ratio will be discussed. Finally, effectiveness will be evaluated at Tu ¼ 0.5% to quantify the effects of freestream turbulence intensity.
Effects of the Effusion Hole Pattern. The effects of the different effusion patterns near the dilution hole were evaluated at a dilution jet momentum flux ratio of I D ¼ 30 and approaching turbulence intensity of Tu ¼ 13%. Figures 6(a)-6(c) show the overall effectiveness contours for the closed, outward, and inward cases. Observing the overall contours for each case, particularly around the dilution hole and in the wake region, there was good symmetry and periodicity across the three dilution jets. In each of the cases, there was a hot region in the first three rows of effusion holes that was similar for each case. Also similar was a ring of low effectiveness that was formed around the dilution holes. The additional effusion holes in the outward and inward cases, shown in Figs. 6(b) and 6(c), led to higher effectiveness around the dilution holes.
Upstream of the dilution hole for all three patterns, shown in Figs. 6(a)-6(c), there was a region of low effectiveness at the leading edge of each test panel. This hot region was similar for each case, which is expected since the upstream geometries are identical. For each case, the effectiveness is relatively constant until the third row of effusion holes, at which point the effectiveness begins to steadily increase until just before the dilution hole at x/D ¼ À0.8. In correspondence with the current study, previous work by Scrittore et al. [1] and Ceccherini et al. [8] found that for a single-walled effusion plate, the effectiveness was relatively constant in the first few rows of effusion holes before improving. Scrittore et al. also documented that this phenomenon was caused by higher penetration of the effusion jets in the first few rows of effusion holes.
For the closed and outward cases, shown in Figs. 6(a) and 6(b), a distinct triangular region of lower effectiveness formed behind the jet as a result of the wake. This wake region behind the jets narrowed farther downstream until it was no longer visible in the cooling pattern at x/D ¼ 3. There were also noticeable effects of the wake for the inward case, shown in Fig. 6(c) ; however, the regions in between the wakes had a lower effectiveness compared to the closed and outward cases. This lower effectiveness was attributed to the flow interaction between the inward facing effusion holes and the dilution jet, which created a wider, less defined wake region downstream of the dilution jets, compared to the closed and outward cases. Multiple past studies have described similar effects of the wake behind a dilution jet. As mentioned earlier, Martiny et al. [7] studied the effects of a slot film interaction with a jet and found a region of decreased effectiveness, which lasted until approximately three dilution hole diameters downstream. Scrittore [13] found that the wake region behind the dilution jet, which caused low surface pressure lasting until x/D ¼ 3, resulted in some of the film layer lifting off the surface. Flow and thermal field measurements from Vakil and Thole [11] showed a region of recirculation behind the dilution jet lasting two dilution hole diameters downstream of injection, which transported hot gas below the core of the jet and led to a thin coolant layer. Additionally, another study by Scrittore et al. [12] found that downstream of the dilution jet a significant amount of the effusion cooling flow was entrained into the jet core. Similar to the past studies, the decreased effectiveness shown in Figs. 6(a)-6(c) can be explained by partial entrainment of the coolant layer into the dilution jet.
Figures 7(a)-7(c) show a close-up of the effectiveness around the dilution holes for the three cases. Note that the dark blue effectiveness is where the external effusion jets are located and the light gray circles that are superimposed provide the locations of the impingement jets. As shown in Figs. 7(a)-7(c) , the general shape of the hot ring surrounding the dilution hole in each case was widest at the leading edge, narrowed around the sides, and then widened again at the trailing edge. The shape of the hot ring around the dilution hole in each case appears to be dictated by the surrounding impingement holes, indicating that the impingement cooling had a significant impact on the overall cooling.
There were significant differences in the effectiveness surrounding the dilution hole due to the different effusion hole patterns, shown in Figs. 7(a)-7(c) . In Fig. 7(a) , the effectiveness levels around the dilution hole were significantly lower for the closed case than in outward and inward cases, shown in Figs. 7(b)  and 7(c) . The additional effusion holes surrounding the dilution hole for the outward and inward cases enhanced the cooling around the dilution hole, as would be expected. However, compared to the inward case, the outward pointing effusion holes were more effective in reducing the size of the hot region near the leading and trailing edges of the dilution hole. Compared to the closed case ( Fig. 7(a) ), the largest impact of the outward pointing effusion holes (Fig. 7(b) ) was detected behind the jet from x/D ¼ 0 to 0.8, where the addition of coolant significantly enhanced the cooling.
Although the additional effusion holes for the outward and inward cases, shown in Figs. 7(b) and 7(c) , improved the effectiveness compared to the closed case (Fig. 7(a) ), there were generally no visible signs of coolant attaching to the surface. At such a high momentum flux ratio of the effusion jet (I eff,in ¼ 24), jet liftoff would be expected. Because there was no coolant attached to the surface, the improved cooling effectiveness for the outward and inward cases compared to the closed case must have come from in-hole convection. Similar to the current study, Facchini et al. [2] found that when there were conduction effects, effusion holes acted as a heat sink due to the in-hole convection, especially at higher blowing ratios.
As mentioned before, compared to the outward case ( Fig. 7(b) ), the inward case (Fig. 7(c) ) had a wider hot region at the leading and trailing edges of the dilution hole. This difference, in part, can be explained by the physical hole location of the closest effusion hole. As was shown in Figs. 4(b) and 4(c), the outward effusion holes sloped toward the edges of the dilution hole while the inward effusion holes sloped away. Because the outward pointing effusion holes were physically closer to the edges of the dilution hole, compared to the inward pointing holes, the outward holes drew more heat away from the edges of the dilution hole through in-hole convection.
Centerline overall effectiveness measurements shown in Fig. 8 for each of the effusion cooling patterns near the dilution hole provide a quantitative comparison of the cooling effectiveness of each pattern in the region near the dilution hole. Note that across the dilution hole from x/D ¼ À0.5 to 0.5, the centerline overall effectiveness, / CL ¼ 1, since the temperature in this range was measured inside the coolant plenum. In addition, the peaks in effectiveness indicate where the core of the effusion jet exited the hole. The peaks in effectiveness for the outward and inward holes were in different locations due to the physical outlet of the effusion holes.
As expected, the centerline effectiveness for each case, shown in Fig. 8 , was the same upstream of x/D ¼ À0.8, where the Fig. 7 Figures 7(a)-7(c) show a close-up of the effectiveness around the dilution holes for the three cases. Note that the dark blue effectiveness is where the external effusion jets are located and the drawn in circles that are superimposed provide the locations of the impingement jets. geometries were identical. After x/D ¼ 0.9, where the geometries became the same again, the centerline effectiveness for each case was also similar, with the outward case having only slightly higher effectiveness than the other two cases. The differences in effusion cooling patterns in the centerline effectiveness data, started upstream of the dilution hole at x/D ¼ À0.9. For the closed case, where there was no additional effusion cooling, the effectiveness steadily decreased up until the leading edge of the dilution jet. Conversely, the effectiveness of the outward and inward cases showed a second peak upstream of the dilution hole, where the effusion holes were located. In addition to the increase in effectiveness across the outlet of each respective effusion hole, the effectiveness of the outward and inward cases was also enhanced by internal cooling and in-hole convection. Although there were no internal impingement holes after x/D ¼ À1 for any of the cases, the outward and inward effusion holes were drawing coolant from the impingement jets that provided additional internal cooling upstream of the dilution hole. Furthermore, the heat sink effect, due to in-hole convection, in the outward and inward effusion holes improved the effectiveness compared to the closed case.
Also shown in Fig. 8 , the outward and inward case had similar centerline effectiveness levels directly at the leading and trailing edges of the dilution hole. However, as mentioned before, the hot region surrounding the dilution hole for the outward case was narrower compared to the inward case because the internal cooling for the outward holes occurred closer to the edges of the dilution hole. Figure 9 (a), shows radially averaged effectiveness levels around the inner and outer rings surrounding the dilution hole, where b ¼ 180 deg refers to the leading edge of the dilution hole. The inner ring, marked by the solid circles in Fig. 9(b) , extends from D to 1.24D. The outer ring, which extends from 1.24D to 1.7D, captures the region where the effusion holes directly influence the overall effectiveness. Figure 9(b) shows the overall effectiveness contours in the region near the dilution hole and illustrates the inner and outer rings as well as the orientation of the axis of rotation.
For all cases in both the inner and outer rings, shown in Fig. 9(a) , the regions of highest effectiveness were located at b ¼ 60 deg and 300 deg, where the cooling was enhanced by nearby impingement holes. Over the entire inner ring for each case, the lowest levels of effectiveness were located at the leading and trailing edges. At the leading edge, from b ¼ 115 deg to 225 deg, there was a slight improvement in the inner ring effectiveness for the outward case compared to the closed case. Conversely, the inner ring effectiveness of the inward case was similar to the closed case at the leading edge, despite the additional cooling holes. However, at the trailing edge, the inner ring effectiveness levels for the outward and inward cases, which were similar to each other, were significantly higher than the closed case. In the outer ring, the outward and inward cases had nearly the same effectiveness levels around the entire dilution hole. In addition, the outer ring effectiveness for the closed case was consistently lower than that of the outward and inward cases, especially at b ¼ 180 deg.
Although the centerline effectiveness data, shown in Fig. 8 , showed that the effectiveness for the inward case was higher at the leading edge compared to the closed case, Fig. 9(a) , shows that over the entire leading edge (115 deg < b < 225 deg), the inner ring effectiveness was relatively similar to the closed case. Figure 9 (a) also shows that there was a small improvement in the inner ring effectiveness for the outward case at the leading edge compared to both the closed and inward cases. As mentioned before, this increase in effectiveness is due to the physical location of the outward pointing effusion holes, which drew heat away from the leading edge through in-hole convection.
As shown in Fig. 9(a) , the additional effusion holes in the outward and inward cases most improved the outer ring effectiveness at the leading edge compared to the closed case. The outer ring effectiveness for the outward and inward cases was also consistently higher than the closed case around the entire dilution hole. However, at the trailing edge, from b ¼ 315 deg to 360 deg, effectiveness was lower for the inward case compared to the outward case and was only slightly higher compared to the closed case.
Effects of Momentum Flux Ratio. Effectiveness measurements for each effusion hole pattern were made for three different momentum flux ratios: I D ¼ 30, 20, and 11, at an approaching freestream turbulence intensity of Tu ¼ 13%. Note that because the effusion and dilution holes were fed by the same plenum, decreasing the momentum flux ratio of the dilution jets also decreased the momentum flux ratio of the effusion jets, as was discussed in the experimental methods section. Figure 10(a) shows the laterally averaged effectiveness for the outward cases with a comparison to the baseline, which are the closed cases, while Fig.  10(b) shows the data for the inward cases with a comparison to that of the closed cases.
Shown in both Figs. 10(a) and 10(b), there was no significant effect of changing the momentum flux in the first few rows of , where the effects of no cooling are noted for the closed cases. Similar to this study, Scrittore et al. [1] found that for an effusion plate at I eff,in ¼ 11 and 26, the adiabatic effectiveness levels were identical for the first three rows of effusion holes.
In the region just upstream and downstream of the dilution hole, Figs. 10(a) and 10(b) showed larger differences in the overall effectiveness levels for the different momentum flux ratios, particularly at I D ¼ 11 where the effectiveness was lowest compared to the I D ¼ 30 cases for all three geometries. For the closed and inward cases, there was no significant difference between the I D ¼ 30 and 20 cases. However, for the outward cases, there was a small decrease in effectiveness for the I D ¼ 20 case compared to I D ¼ 30. These effects of low effectiveness at low momentum flux ratios also continued farther downstream of the dilution hole for the remainder of each test panel.
In correspondence with the current study, multiple past studies have also shown that increasing the effusion or film momentum flux ratio increases the effectiveness downstream of the dilution jet. As mentioned earlier, Martiny et al. [7] found that for a slot film that was interrupted by a dilution jet, the adiabatic effectiveness downstream of the jet decreased more at a lower film blowing ratio of M ¼ 1 compared to M ¼ 2. Additionally, Scrittore et al. [12] found that the entrainment of the film into the jet was less detrimental to the effectiveness at higher effusion momentum flux ratios because a thick layer of coolant was more resistant to the effects of the jet.
Also, in correspondence with the current study, Scrittore et al. [12] found that downstream of the dilution jet, at the higher effusion momentum flux ratios, I eff,in ¼ 20, 25, and 30, there was no significant difference between the adiabatic effectiveness levels.
However, at the lowest effusion momentum flux ratio, I eff,in ¼ 15, there was a noticeable decrease in effectiveness compared to the higher effusion momentum flux ratio case, indicating that increasing the effusion momentum flux ratio also increased the effectiveness with diminishing returns.
It can also be seen in Figs. 10(a) and 10(b) that at each respective dilution jet momentum flux ratio, the laterally averaged effectiveness of the closed cases was higher compared to the outward and inward cases after x/D ¼ 3 where the wake no longer affected the flow. However, as expected, the effectiveness of the closed cases was significantly lower than the outward and inward cases at the leading and trailing edges of the dilution hole.
Area-averaged overall effectiveness, shown in Fig. 11 , also shows that there was no significant effect from varying the momentum flux ratio upstream of the dilution hole (À2.0 < x/D < À0.5) for all three effusion cooling patterns. For each respective pattern, the differences upstream of the dilution hole due to momentum flux ratio were at most 1%. Downstream of the dilution jet (0.5 < x/D < 4.4), for the closed and inward cases, the I D ¼ 20 and 30 cases were the same. Although the effectiveness for the outward case at I D ¼ 30 case was higher than at I D ¼ 20, the difference was only 1%. Note the precision uncertainty for area-averaged effectiveness behind the dilution jet is 6 2.1%. However, for each geometry, the I D ¼ 11 case consistently had the lowest respective effectiveness.
Effects of Approaching Freestream Turbulence. To evaluate the effects of freestream turbulence, overall effectiveness data were measured for approaching turbulence intensities of Tu ¼ 0.5% and 13%. Figure 12 shows the laterally averaged overall effectiveness for the closed, outward, and inward geometries at I D ¼ 30 for low and high freestream turbulence intensities. Compared to the high freestream turbulence cases, low freestream turbulence resulted in slightly higher effectiveness for each effusion cooling pattern. However, freestream turbulence had the most significant impact in the first three rows of effusion holes. In addition, the impact of approaching freestream turbulence decayed downstream of the wake region after x/D ¼ 3.
As shown in Fig. 12 , downstream of the dilution hole, there was a larger variation between the three effusion cooling patterns for the low freestream turbulence cases than for the high freestream turbulence cases. Compared to the closed and inward cases, the difference between the outward cases at Tu ¼ 0.5% and 13% was significantly greater, particularly in the wake region from x/D ¼ 0.5 to 3. These same trends of decreased effectiveness can be seen in Fig. 13 , which shows the area averaged effectiveness in the area upstream (À2.0 < x/D < À0.5) and downstream (0.5 < x/D < 4.4). For the low freestream turbulence case, the inward jets had the lowest and the outward jets had the highest effectiveness levels. For the high freestream turbulence cases, the differences were small between the cases, where the largest difference was that the inward case showed slightly lower effectiveness values relative to the other two cases. However, at low freestream turbulence, the differences between the outward and inward cases were more significant.
The conclusion that high freestream turbulence decreased the overall effectiveness is contradictory to previous studies that look at adiabatic effectiveness of effusion liners. As mentioned before, Martin and Thorpe [3] and Kakade et al. [4] found that high freestream turbulence, compared to low freestream turbulence, resulted in a higher adiabatic effectiveness for effusion blowing ratios in the range of M eff,in ¼ 0.5-1.5. The reason given by each author for the increased effectiveness was that when there was jet lift off, the turbulent mixing brought some of the coolant back to the surface. However, Kakade et al. also found an adverse impact on adiabatic effectiveness at high freestream turbulence for M eff,in ¼ 2. This result implied that at very high effusion blowing ratios, like the blowing ratio presented in the current study (M eff,in ¼ 5), the turbulent mixing transported more hot mainstream flow toward the surface instead of detached coolant.
Conclusions
Three double-walled combustor liners with different effusion cooling hole patterns near the dilution hole were evaluated for overall effectiveness. The three effusion cooling hole patterns surrounding the dilution holes included: closed (no effusion cooling), outward pointing effusion holes, and inward pointing effusion holes. The effects of momentum flux ratio and approaching freestream turbulence were also evaluated for these three patterns.
Overall effectiveness measurements showed that there was a hot ring around the dilution hole for each effusion hole pattern, particularly where there was no impingement cooling. Compared to the closed case, the additional effusion holes in the outward and inward cases led to overall improved effectiveness around the dilution hole. However, due to the high momentum flux ratio of the effusion jets, the effusion jets lifted off the surface that indicated that most of the cooling benefits from the outward and inward cases came from in-hole convection.
When considering the effectiveness near the leading edge of the dilution hole, the inward case was unsuccessful in improving the effectiveness compared to the closed case. Conversely, compared to the closed and inward cases, the outward holes resulted in slightly higher effectiveness near the leading edge of the dilution hole, due to the close proximity of the effusion holes to the edges of the dilution hole. However, at the trailing edge, both the outward and inward pointing effusion holes led to improved effectiveness compared to the closed case.
Overall effectiveness was also evaluated for each effusion hole pattern at three different momentum flux ratios, I D ¼ 30, 20, and 11. Far upstream of the dilution jet, momentum flux ratio did not have a significant effect on any of the geometries. However, in the region near the dilution hole and far downstream of the dilution hole, increasing the momentum flux ratio resulted in higher effectiveness levels with diminishing returns.
In addition, the effect of approaching freestream turbulence intensity was also evaluated at Tu ¼ 0.5% and 13%. Results showed that high freestream turbulence intensity generally reduced the effectiveness across each test panel. However, freestream turbulence was most impactful in the first three rows of effusion holes. Downstream of the dilution hole, the outward pattern was most affected by the approaching freestream turbulence compared to the closed and inward patterns.
The results of this study showed that in-hole convection had a significant impact on the surface cooling of the effusion cooling hole patterns surrounding the dilution holes. From a design perspective, the outward pointing effusion holes resulted in the best cooling at the leading edge of the dilution hole due to the close proximity of the physical effusion hole relative to the dilution hole. However, moving the inward pointing effusion holes closer to the dilution hole would improve the cooling closer the edges of the dilution hole through in-hole convection. 
